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MESOSPHERIC OH AIRGLOW TEMPERATURE FLUCTUATIONS:
A SPECTRAL ANALYSIS

E.M. Dewan', W. Pendleton 2, N. Grossbard3 , and P. Espy'

Abstract. A field campaign under Project MAPSTAR was On average there were 4 such gaps per night constituting, on
conducted in Colorado during May-July 1988. As part of this average, about 1/4 to 1/5 the duration of each night's
effort ground based measurements of OH airglow rotational observation interval. Another problem was that the sampling
temperatures at 85 km were made by means of an infrared intervals varied somewhat over the night. This however was
Fourier spectrometer (IRFWI of USU). These measurements solved by cubic interpolation to create evenly spaced samples.
employed a least squares spectral fitting technique involving Five nights had an average sampling rate of 19.9 sec. (which
the 3-1 Meinel band. These data and their estinated PSD's differed from night to night, a = 0.2) and the average
will be presented. The latter will be interpreted by means of observation time was about 5 + I hrrs., the remaining 18 nights
the relations between gravity wave temperature fluctuations had an average sampling interval of 39.5 sec. (+.5) and
and vertical displacement fluctuations given by Makhlouf et al duration 4 + 1.5 hrs.
(1990). Two independent methods were used to obtain the PSD's.

The results will be compared with tile predictions of the The first was the well known one of Blackman and Tukey
gravity wave model of Dewwf ,i990, 1991) ,idi sliown to De ( 1959), (BT), and in this case the problem of gaps was solved
in reasonable agreement thus lending further support to the due to the fact that there were no gaps in the autocorrelations.
local wave-cascade hypothesis. Ninety percent of possible lags were used (instead of the usual

10%). The autocorrelations were obtained by the zero-padded
Introduction FFT method of Oppenheimn and Schafer (1975) and we used

the "biased" version (normalized by total number of data
A field campaign was conducted in Colorado during May points) to avoid the subsequent occurrence of negative PSD's.

through July 1988 under project MAPSTAR of AFOSR. Its Prior to autocorrelation the data were demeaned and
purpose in part was to study the effects of gravity waves upon
the temperature of the OH airglow layer located around 85 km prewhitened by xi = x i - r x_. The autocorrelations were
altitude. To do this we employed the IRFWI Fourier tapered by a triangular window (Bartlett) and the (whitened)

spectrometer of Utah State University from which, by means PSD obtained via zero-padded FFI. "Post-darkening" was

of the 3-1 vibration transition rotational lines in the Meinel obtained by dividing the white spectrum by (0 + ca2

band (near 1.53 p1), we obtained the OH rotational - 2a cos (woAt)) where At is the sampling interval (c.f.
temperatures by employing a technique similar to that Blackman and Tukey, (1959)).
described in Hill et al. (1979). The instrument had a field of Straight lines were least square fitted to both the white and
view of 0.8' and a resolution of 2.5 wave numbers. Due to the post darkened spectra. The values of a = 1.0, 0.95, and 0.90
high throughput of the IRFWI instrument, temperatures of the gave whitened slopes of +0.3, +0.006 and -0.3 respectively
OH Meinel band in question could be extracted at around a 30 hence a = 0.95 was chosen for the subsequent analysis. The
second temporal resolution with a relative error of between fitted lines extended from a minimum frequency (with period
+ 0.50 K and + 1.50 K for each of the 23 nights of equal to 1/3 the observation interval) to the maximum
observation. For pointing angles both zenith and, more often,
250 elevation angles were employed.

The main purposes of the present paper are to exhibit the 200.0
power spectral densities (PSD's) of these temperature fluc-
tuations and to compare them with the theoretical expectations •- 195.0 .
based on Dewan (1990, 1991). D Ioo '

Temperature Data and Spectral Analysis 185.5

S180.0
Figure 1 shows a representative example of the aL 175.0

temperatures over one of the 23 nights of observations. The 9
obvious gaps. due to realignment procedures, were present on H 170.0
all nights and they made direct spectral analysis impossible. 16o__________ _ HI IDIIIV IIl liii l~llZ 165.0

< 160.0

Phillips Laboratory/GPOS 0
2 Dept. of Physics, Utah State University r 155.0

Inst. for Space Research, Boston College 150.0 I I I I I
0.0 0.6 1.2 1.8 2.4 30 36 42 48 5.4 6.0
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Paper number 92GL00391 Figure I. Rotational Temperatures (3-1 Vibrational Transi-
0094-8534/92/92GL-00391$03.00 tion) Day 194, 1988.
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frequency of 2.5 x 10-3 HZ which is approximately 80% of due to gravity waves (mean winds are ignored). See
the Brunt Vaisalla frequency (i.e. maximum gravity wave Appendix A for the justification. It was shown in Makhloufet
frequency). This seemed to avoid noise, acoustic compression al. (1990) that two separate physical mechanisms account for
and other contaminants, wave induced temperature variations. One of these is

It should be mentioned that we have made the usual essentially acoustic in nature and the other is due to altitude
assumption (made in lidar and radar obvservations) that within variations of the fluid parcels. In the latter case the change in
such a frequency range the oscillations are due exclusively to temperature, AT. due to a change in altitude. Az. is given by
gravity waves.

The other PSD teclhnique used was the maximum entropy AT = -(Az) (y-l) (3.1)
method (MEM) of Burg using the "Burg algorithm" (see T H
Marple, 1987, p. 213). This was applied to each "piece" of
data between the gaps which, in effect, supplied an alternate where H is the scale height (which is 5.7 km at 85 km, U.S.
solution to the gap problem. We used 7 linear predictor Standard Atm., (1976)) and y is 1.4 (specific heat ratio). For
coefficients the choice being based on the relatively slow our purposes Az = 100m would give us approximately AT =
decrease of prediction error, beyond that point. I1K. It can be shown that the above mentioned acoustic

As will be shown, the two methods gave very similar
results and. in addition, they both gave appropriate responses component can be ignored when w < N/2 at 85 km altitude. At
to a family of known synthetic signals. Figure 2 shows a higher frequencies the assumption needs further justification.

supcrpvsitioi ;,f PSD'ý u',,aied b, both methods for the data We found 3o < .8N to be satsfactory as was mentioned above.
in Figure 1. In all 23 cases the MEM result looked like a How can the above be employed to derive TT (0o) from
smoothed version of the BT result. Straight lines were fit over theory'? In Dewan (1990. 1991 ) a similitude argument based
the same ranges in the MEM PSD's as in the BT PSD's. on a wave cascade hypothiesis led to the frequency PSD for
Results from the two methods did not perfectly coincide on an vertical particle velocities due to gravity waves. , (03). given
individual basis, but there was very good overall statistical by
agreement as wdl be seen.

Theory for TT ("0,) the PSD of Time Variations of 0 0 0
Temperature I'E 1 - 1

Tv(w)= (- N 2n' (3.2)
The following assumes that temperature variations between w o,

frequencies 0o = toi (inertial) and N (buoyancy frequency) are

ui units of (n12/s2 )/(Hz), where E is the energy dissipation rate
and 0x is a constant of order unity. Term (I) is the wave
energy density and iý in NolW sei.i, aialogous io a similar
relation given in Tennekes and Lumley (1972) in the context of
turbulence. Term (2) is the fraction of wave energy in the
form of vertical velocity variance at 0o and is derivable from the

10t polarization relations (cf. Garrett and Munk (1975) and
Scheffler and Liu (1985)). The third tenn converts radians/sec
to Hz. It can be shown that (using Az = 00nm implies
lIK = AT):

103» 
w

N'o-

Appropri ate values for the parameters are N = 0).02 rad/sec
10° 10.. .2. Dewatn and Go~d (19,q6)), and &• = 2.2 (Dewan, 1990).

8-IZ) Eq. (3.4) thus relates 0 to measured values of T ( 30) and "ice

Figure 2. PSD's of Temperatures Given in Figure I. Both versa. For this reason, if the above is valid, it may be possible

Blackman and Tuj ey and Burg techniques (smoother one) to estimate average £ over certain altitude regions by means of

were used. This shows an ,,erage case mterferonietric measurements of airglow temperature lumc-
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tuations (e.g. OH at 85 kim, Na at 90 km. and 01 at 9'ý kin).
Equally promising are the new lidar temperature measurement
techniques described by Von Zahn (1987), Gardner (1991), 10 - -

and She (1991). In the meantine it is essential to test the ,
theory by experimentally measuring E at the same time that T

'VT (0)) isi obtained. One way to do this is by means of ~ .-

Doppler broadening of radar returns as described in Hocking _.
(1988). Radar measunnents of v, (to) would be very useful -.- . 7

ii addition of course.

Comparison Between Theory and Experiment 10 /

Figure 3 summarizes all the fitted lines (23) for the BT- -

method derived 'T (w) spectra. The average slope was -1.7 + -/

0.3. The MEM spectra, while very smooth, gave similar line 10 3 io
fits with slopes -1.7 + 0.2 on average. These results are

consistent with the theoretical value of -2.0. (On the other (Z)

hand if a larger data set were to narrow the spread around - Figure 4. Summary of BT Fitted Lines for WT (to) -O2-

1.7, the proverbial -5/3 slope would be a more valid choice
(cf. the appendix of Dewan, 1990)). We now compare WT (to) suggest that it would be most desirable to conduct a direct test
amplitude with the theoretical conmection with observed E by means of simultaneous radar (E) and interferometer (or
values. lidar) (T) measurements.

Solving Eq. (3.4) for e, A word of caution is needed. Under certain circumstances
the measured 'v, (to) is not flat (c.f. Eq. 3.2) but instead can

E• = XT (to) (o2 . N! (100)2 have a negative slope (Ecklund et a]. (1986) and Sato (1990)).
2n W (4.1) Why T, (o) occasionally has a negative slope (-5/3) has not

yet been fully explained. Since Eq. (3.2) holds only in a fluid
F 21 at rest (i.e. intrinsic coordinates) David Fritts (in private con-

S(0.29) '/.r (0) •versation) has suggested that Doppler effects may be the cause
of the observed negative slopes. Needless to say the results of

Figure I shows the 23 fitted lines of T'T (0)) - 0.2. As can the present paper would not be valid under those conditions
be seen they fall mainly in the amplitude range between 10-2 where Eq. (3.2) is not valid. See also Van Zandt et al (1991).
and 10-1 which, from Eq. (4.1) gives the approximate range
(0.003 < F < 0.03 m2/s3). This overlaps some observations of Conclusions

c (at another time and geographic location) by Hocking ( 988) OH rotational temperatures were measured (for 23 nights)
in the altitude range of 80-90 kmn. These results gave (0.01 < and the 'VT ((o) PSD's obtained. The results appear to agree
F < 0.1 m12/s3 ). This outcome is sufficiently encouraging to with the theory of internal gravity wave PSD's presented in

Dewan (1990, 1991) and deduced values of c overlap the
range experimentally measured. Direct radar and
interferometer tests were suggested and if they result in
confirmation of the theory, one will have further evidence that
the wave cascade idea first suggested in Dewan (1979) is
valid. We would also have a new method to obtain E via
interferomleter or lidar temperature measurements (tinder

N appropriate conditions).

Acknowledgement

This work was sponsored by AFOSR under project
MAPSTAR. We also thank S. Avery for the wind

I measurements nsed in Appendix A. anti Ralph 'th1niro for
id neiptum suggestions.
S- References

7(14) ¢vf Blackman, R.B. and Tukey, .. W. (1959) The Mcasuren'nft 0/Power Spectra, Dover, N.Y.
Figure 3. Summary of all 23 PSD's. Fitted lines from BT Dewan. E.M. (1979) Stratospheric wave spectra resembling
derived PSD's used here. turbulence. Science,. 204:832-835.



600 Dewan, Pendleton. Grossbard, Espy: Mesosplaeric Oil Airglow Temperature Fluctuations.

Dewan. E.M. and Good. R.E. (1986) Saturat ion and the Tennekes, H. and Lumley. .L. (1972) A First Cotrse in
"universal" spectrum for vertical profiles of horizontal Ttrbiden'e, MIT Press, Ctmbridge, MA.
scadar winds in the atmosphere. 1. Geophvs. Rc,., U.S. Standard Atmosphere (1976) NOAA. NASA. 1/SAF.
91:2742-2748. NOAA-S!T 76-1502, U.S. Gov. Printing Office,

Dewan, E.M. (1990) Power spectra of internal gravity waves, Washington, D.C.
GL-TR-90-0233, Special Repoits, 265. NTIS:AD-A23I - Van Zandt. T.E.. Nastrom, G.D., Green, JL. (1991 ) Freq-
596. uertcy spectra of vericad velocity from flatland \ I-iF

Dewan, E.M. (1991) Similitude modeling of internal gravity radar data, .. Geophl"ys. Res., 96.1845-2855.
wave spectra, Geoph/ns. Res. Lett., 18:1473-1476. Von Zahn, V., Fricke, K.H., Gerndt. R.. and Blix, T. (1987)

Ecklund, W., Gage. K., Nastrom. G., and Balsley, B. (1986) Mesospheric temperature and the OtH layer height as
A preliminary clinatology of the spectrum of vertical derived from ground-based lidar and OH+ spectrometry../.
velocity observed by clear-air Doppler radar, J. olfliniate Atmos. Terr. Phys., 49:863-869.

and Appl. Met., 25:885-892. Wang, ST., Tetenbaum, D., Balsley. B.B.. Obert, R.L.,
Garrett, C. and Munk, W. (1975) Space-time scales of Avery. S.K., Avery, J.P. (1988) A meteor echo detection

internal waves: a progress report, J. Geophyvs. Res.. and collection system for use on VHF radius, Radio
80:291-297. Scientce. 23:46-54.

Grossbard, N. and Dewan, E. (1990) Methods for estimating
the autocorrelation and power spectral density functions Appendix A
when there are many missing data values, Proc. ofFilth
ASSP Worksship on Spectral Estimation and Modeling, On the Demonstration That Mean Winds at OH Altitudes
IEEE. Rochester, N.Y. Have Negligible Effects on our Pr ((0) Measurements.

Hill. R.A., Mulac. A.J.. Aeschliman. D.P. and Fowler, W.L.
(1979) Temperatures from rotational-vibrational Ranian I) During the 1988 Colorado campaign Prof. S. Avery of the
branches, J. Quant. Spectrosc. Radial. Transfer, University of Colorado made meteor wind measurements from
21:213-220. the Platteville radar site which was centrally located with

Hocking, W.K. (1988) Two years of continuous measure- respect to our instruments. The device, known as MEDAC
ments of turbulence paramneters in the upper nmesosphere (Wang et al, 1987), was used. In this way we obtained a
and lower themaosphere made with a 2-MHZ radar, .'. mean wind altitude profile for days 127 to 142, and another
Geophvs. Res., 93:2475. average for 199 to 205. These intervals covered 16 of the 23

Makhlouf, V., Dewan, E., Isler, J., and Tuan, T.-F. (1990) nights of observation. At no time did these mean winds, u.
On the importance of the purely gravitationally induced exceed 15 Ku/s in the important OH emitting range of 83-87
density, pressure, and temperature variations in gravity kim. We now assume this to be at least approximately valid for
waves, J. Geoph vs. Res., 95, #A4:4103-4111. the entire campaign.

Marple, S.L. (1987) Digital Spectral Analysis With Appli- According to Van Zandt et al (1991) the parameter
cations, Prentice-Hall, Inc., Baltimore, MD.

Oppenheim, A.V., and Schafer, R.W. (1975) Digital Signal u= u/c, (where c. is the characteristic horizontal phase trace
Processing, Prentice-Hall, Inc., New Jersey. velocity) determines the doppler effect oti temporal spectra.

Sato, K. (1990) Vertical wind disturbances in the troposphere
and lower stratosphere observed by the MU radar, Using c. = N and k = 2nt from Smith et al (1987)
J. Atmos. Sci.. 47:2803-2817. k 20x 10 l

Scheffler, A. and Liu, C.H. (1985) An observation of gravity
wave spectra in the atmosphere by using MST radars, one obtains u < 0.25. Figure 8 of Van Zandt et td (1991)
Radio Science. 20:1309-1322. shows that, in this case, there would be negligible effects on

Senft, D.C., Gardner. C.S. (1991) Seasonal variability of our spectral measurements.
gravity wave acti'ity and spectra in the mesopause
region at Urbana. ,. Geophys. Res., 96:17. 229-17, E.M. Dewan, Phillips Laboratory/GPOS, Hanscom AFB,
264. MA 01731-5000.

She. C.Y.. Yu. J.R., Nagasawa, C. and Gardner, C.S. W. Pendleton and P. Espy, Dept. of Physics, Utah State
(1991) Na temperature lidar measurements of gravity University, Logan, UT 84322-4415.

N. Grossbard, Inst. for Space Research, Boston College, [1wave perturbations of wind, density. and temperature 140 Commonwealth Ave., Chestnut Hill, MA 02167. A l
in the mesopause region. GeophyVs. Res. Lett., 18:1329-
1331.

Smtth, S.A., Frittz, D.C. and Van Zandt, T.E. (1987) (Received August 23, 1991;
Evidence for a saturated spectmtn of atrnonheric pravit," revised D- 2.ib, 2. 1
waves. J. Ammos. Sti. 44: 1404-1410. accepted February 7. 1992.)

A tibili..V COC1e

7 AVdil wnd/or
Dist Speciailfj~l9-0


